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ABSTRACT

It is demongtrated that dynamic light scattering (DLS) on a horizontd gas-liquid interface
can be used for the reliable determination of surface tenson and liquid kinematic viscosty. In
contrast to the more usua approaches of surface light scattering (SLS) spectroscopy a set-up
is used and described here which makes it possible to measure the capillary wave propagation
characteristics in forward scattering direction at variable wave numbers. The experiments in
this work rely on a heterodyne detection scheme and sgna andysis by photon correlation
spectroscopy (PCS). Surface tenson and liquid viscosity data of the important and thus well
documented reference fluid toluene have been measured under saturation conditions over a
wide temperature range from 263 K to 383 K. These data demongrate the excellent
performance of the surface light scattering technique. The achievable accuracy of this
technique is discussed in detail for both properties in connection with reference vaues

avalailein the literature.
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1. INTRODUCTION

Light scattering by thermdly excited capillary waves on liquid surfaces or gasliquid
interfaces can be used for the investigation of viscodastic properties of fluids. Based on early
theoreticd and experimental work [1-10] renewed interest in surface light scattering (SLS) in
recent years has resulted in a number of new applications [11-20]. Objects of these
investigation extend from smple fluids over polymer solutions, liquid crystas, surfactant
monolayers, supramolecular systems to high-temperature mets. The determination of the
thermophysical properties surface tensgon and viscosity is of specid interest for pure fluids and
fluid mixtures. In this context the SLS method is well established for the investigation of the
critical behavior of the surface tenson [5, 6, 8, 10], while in generd for the viscosty due to
ingrumental broadening effects only a poor accuracy achievableis reported in literature. At the
present time, the gpplication of the surface light scattering technique to smple fluid surfaces
serves rather as a check of the somewhat complex cdibration procedures involved with this
technique [21].

In contragt, in the present work it is demongtrated that the SLS method can be used for
areliable determination of surface tensgon and viscosity - without any cdibration procedure -
with an accuracy comparable or even better than for conventiona methods. After an
introduction into the technique the experimental set-up is described, which dlows the analyss
of scattered light in forward direction at relaively high and variable wave numbers of capillary
waves. In the second part of the paper, the data evaluation procedure is introduced, and

results for the surface tensgon and the liquid kinematic viscosty of toluene are discussed in



comparison with literature. Data for thisimportant reference fluid are obtained under saturation

conditions and cover atemperature range from 263 to 383 K.

2. PRINCIPLE OF SURFACE LIGHT SCATTERING (SLS)

2.1 Surface Fluctuations

Liquid surfaces in macroscopic thermd equilibrium exhibit surface waves that are
caused by the therma motion of molecules and that are quantised in so-caled “ripplons’ [1].
Based on a classica hydrodynamic approach thermaly excited surface fluctuations result in
typical amplitudes of about 10 nm and wavelengths of about 10 um [2, 3]. In order to excite
surface fluctuations work has to be done againgt the forces acting on a liquid surface. Due to
the typicdly smal vaues of the wavelengths and amplitudes capillary forces dominate, while
gravitationa forces can be neglected [10].

In generd, for the temporal decay of surface fluctuations two cases may be
distinguished. In the case of large viscosty and / or smdl surface tenson the amplitude of
surface waves is damped exponentidly, while in the case of smdl viscogty the amplitude
decaysin form of adamped oscilletion asit is relevant in this work. Therefore, in the following,
an overdamped behaviour of surface fluctuationsis not discussed.

A thermdly excited surface can be represented by a superpostion of waves with

different amplitudes x, and wave vectors g [10]. For a paticular surface mode with
frequency a the time-dependent verticd displacement x of the surface to its flat equilibrium

date at agiven point I isgiven by



x(7,t) =x, exp[i (aF +at)] . )

For the propagation of capillary waves on avapor-liquid interface the complex frequency a of

a certain surface mode can be represented in first order approximation by
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where s isthe surfacetenson, r ¢ and r @ are the dengties of the liquid phase and the vapor
phase, respectively, ht¢ and h@ are the dynamic viscodities of the liquid and the vapor phase,
respectively. Furthermore, the red part in Eq. (2) represents the frequency w and the
imaginary part the damping Gof the surfacemode.  An exact description of the dynamics of
surface waves dependent on surface tension, viscosity and density of the liquid and vapor

phase, and the wave vector is obtainable by solving the dispersion equation
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A more detailed and rigorous congderation of the dynamics of surface waves on liquid

surfaces or gas-liquid interfaces can be found in literature, see, eg., Refs. 2, 4, 6, 7, and 21.



2.2 Scattering Geometry

Light interacting with a oscillating surface structure is scattered. The scattering geometry
used in this work is shown in Fig. 1, where scattered light is observed in forward direction
near refraction. This arrangement has been chosen due to sgna and stability consderations
[22] and differs from the more commonly employed scattering geometry, where the scattered
light is observed close to the direction of the reflected beam. By the choice of the angle of

incidence e, resulting in a specific angle d of the refracted light, and the scaitering angle Q.
the scattering vector ¢ = E,¢- @ is determined and by this the wave vector and frequency of
the observed surface vibration mode. Here, k¢ and k¢ dencte the projections of the wave

vectors of the refracted (k, ) and scattered light (K, ) in the surface plane, respectively. For the

observation of scattered light within the irradiation plane and assuming dadtic scattering (i.e.

k, @k ), the modulus of the scattering vector is obtained as

q=[Kke- kg @ek Sn(Q, /2)cos(d - Q.1 2) = PNsinQ, 12)c08d - Q,12), (4
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where n isthefluid refractiveindex and | , the laser wavelength in vacuo.

2.3 Corréation Technique

In light scattering experiments the suface oscillations described result in a tempord
modulation of the scattered light intendity, which contains information on the dynamics of the
surface. Information about this processes can be derived by a tempord andyss of the

scattered light using photon corrdation spectroscopy (PCS). For heterodyne conditions,



where the scattered light is superimposed with coherent reference light, eg., with sray light
from the windows of the mesasuring cell, the time correlation function for the analys's of surface

fluctuations is described by [21]

G?(t)=A + Bcos(wt)exp(-t /t .), (5)

where the corrdlation time t . and the frequency w are identical with the time decay behavior
(G =1/t ) and the frequency of the surface oscillations. A and B are experimenta constants.

The correlation function can thus be used for the evauation of the desired properties surface

tenson and viscosity, see Eq. (2) for afirst order approximation.

3. EXPERIMENTAL

The experimenta set-up used isshown in Fig. 2. A frequency-doubled continuous-wave
Nd:YVO,-laser operated in a sngle mode with awavelength of | o = 532 nm serves as a light
source. The laser power was about 250 mW when working at temperatures T < 300 K and
somewhat lower for temperatures above. For the observation of light scattered by surface
waves the optical path has to be aigned in a way that the laser beam and the direction of
detection intersect on the liquid-vapor interface in the measurement cell. For large scattering
intengties from the vapor-liquid interface scattered reference light from the cell windows is not
aufficient to redize heterodyne conditions. Here, an additiond reference beam is added. To
this end, part of the incident laser light is splitted by a glass plate and superimposed to the

scattered light behind the sample cell. The time-dependent intendity of the scattered light is



detected by two photomultiplier tubes (PMTs) operated in cross-correlation in order to
uppress afterpulsing effects. The sgnds are amplified, discriminated, and fed to a digita
correlator with 256 linearly spaced channels operated with a sample time down to 50 ns. Light
scattered on the liquid-vapor interface is detected perpendicular to the surface plane, which

means Qg =d , see Fig. 1. For this arrangement, with the help of Snell’s refraction law and

smple trigonometric identities, the modulus of the scattering vector g can be deduced as a

function of the easlly accessible angle of incidence

a=2P snQ,). ©)

I 0

For the measurement of the angle of incidence Q, the laser beam is first adjusted through the

detection system consisting of two apertures (4E 1 - 2 mm) at a distance of about 4 m. Then

the laser beam is set to the desired angle. For the experiment the angle of incidence Q. was

st between 3.0 ° and 4.5 ° and was measured with a high precision rotation table. The error
in the angle measurement has been determined to be gpproximately + 0.005 °, which resultsin
amaximum uncertainty of lessthan 1% for the desired thermophysica properties.

According to the specification of the manufacturer (Merck GmbH, Darmgtadt) the
toluene sample was of spectroscopic grade (Uvasol*) with a minimum purity of 99.9% and
was used without further purification. For the present measurements, the sample was filled
from the liquid phase into an evacuated cylindrical pressure vessd (diameter 70 mm; volume
150 cn) equipped with two quartz windows (Herasi! |, diameter 30 mm x 30 mm). The

temperature regulatiion of the cdl surrounded by an insulating housing was redized with



electrica heating. For temperatures below room temperature the insulating housing was cooled
down to about 10 K below the desired temperature in the sample cdl by a lab-thermodtat.
The temperature of the cell was measured with two calibrated Pt-100 W resistance probes,
integrated into the main body of the vessdl, with a resolution of 0.25 mK using an AC bridge
(Paar, MKT 100). The accuracy of the absolute temperature measurement was better than
+ 0.015 K. The temperature stability during an experimental run was better than + 0.001 K.
For each temperature, a least Sx messurements a different angles of incidence were
performed, where the laser was irradiated from ether sde with respect to the axis of
observation in order to check for a possble misdignment. The measurement times for asingle
run were typicaly of the order of ten minutes down to few seconds for the highest

temperaturesin this study.

4. MEASUREMENT EXAMPLE AND DATA EVALUATION

Fig. 3 shows an example of a correlaion function as it was obtained by scattering on a
liquid-vapor interface of toluene under saturation conditions at a temperature of 303.15 K.
The experimenta correlaion function, Eqg. (5), has to be evaluated for the centra quantities w

and t ., which may be done directly by a standard nonlinear fit in which the squared sum of

resduds is to be minimized. Within the interesting fit range no sysemdtic deviaions can be
observed. Thisisillugrated in the example of the resdud plot in Fig. 3 and was confirmed for
al measurements. The fit to the experimental corrdation function results in a frequency of

w =26035" 10° rad>s ' + 0.03% and a decay time of t_=2.701" 10°°s + 0.2%. The

gandard errors obtained from the fit may be compared with the deviations obtained from fits



to various fit intervals, varying the first channd included in the fit in arange up to 0.5t . and
the last channd in a range starting a 2t . . With this procedure, the standard deviations of
these individud fits are 0.04% for w and 0.3% for t .. It should be noted here that either

vaue is only indicative for the order of magnitude of the uncertainty thet is related with the
determination of the frequency and decay time of the measured correaion function. It is
obvious that the error in the determination of the frequency is one order of magnitude smaller
than that of the decay time.

The evauaion of the experimental data for the desired quantities viscosity and surface
tenson has dways performed on basis of afull solution of the disperson relation, Eq. (3). The
necessty for this agpproach is illugtrated in Fig. 4, where experimenta vaues for the damping

G (=1/t.) and frequency w for a vegpor-liquid interface of toluene at temperatures of

303.15 K and 373.15 K are shown over a wide range of wave numbers. The drawn and
dashed lines indicate the theoretica variaions obtained by an exact numericd solution of the
dispersion equation Eq. (3) and by a derivation according to the first order gpproximation Eq.
(2), respectively. For both caculations data for the dengity of the liquid and vapor phase have
been adopted from the equation of state (EOS) of Goodwin [23]. Furthermore, the dynamic
viscosity of the liquid phase was calculated from a correlaion as given by Nieto de Castro and
Santos [24], which is capable to describe the most experimenta data sets for toluene within its
own gated accuracy, while data for the dynamic viscosty of the vapor phase are calculated
theoretically according to a method given in Refs. 25 and 26. Findly, an estimation method for
nonpolar liquids as described in Ref. 26 was used to compute the surface tension of toluene.

As it can be seen from Fig. 4, with the exception of the highest wave numbers investigated in

10



thiswork at atemperature of 303.15 K, where the scattered signa was weak and only a poor
accuracy could be achieved, excellent agreement can be found for the measured vaues of w
and Gwith the theoretical caculation based on an exact solution of the dispersion equation. In
contrast to this, an increasing difference with increasing wave numbers is observable in respect
of the first order gpproximation. This behavior makes clear, especidly for the reatively high
wave numbers dudied in this work, that a reliable determination of surface tenson and
viscogity is only possible by an exact numerical solution of the disperson equation Eq. (3),
where the frequency w, damping G and the modulus of the scattering vector q are used as
input values. It should be emphasized that for the determination of surface tenson and viscosity
we aways used wave numbers in range of from about 0.6 to 1.1° 10° m™. The lower limit
was chosen S0 that ingrumental broadening effects are negligible, while the limitation to g-
vaues smaler than 1.1° 10° m™ is due to a wesk scattering signd, as aready mentioned

above.

5. EXPERIMENTAL RESULTSAND DATA CORRELATION

The quantity directly accessble in surface light scaitering experiments is the ratio
S =s /(r ¢+ r @ of the surface tenson s to the sum of the densties of the liquid and vapor
phase. Smilarly, aso the direct quantity N obtained for the viscosity is determined by both
vapor and liquid properties, i.e. N = (h¢+h @) /(r ¢+ r ¢, where h¢ and h¢ are the dynamic
viscosities of the liquid and vapor phase, respectively. If gppropriate reference data for the
quantities of the vapor phase are not available the gpproximation N » N ¢ can be used, which

relies on the neglect of vapor properties as compared with the respective liquid quantities, and
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thus yidds an approximate kinematic liquid viscosty. An estimation based on our experimental
values for the quantity N, data for the liquid and vapor density from the work of Goodwin
[23], and on theoretically calculated vaues for the dynamic viscosty of the vapor phase
according to the method given in Refs. 25 and 26 indicates that for toluene the gpproximation
would result in a systematic deviaion from the exact kinemétic viscosity value of about + 1%
for the lowest temperatures studied in this work, see Fig. 5. With increasing temperature the
systemétic error caused by neglecting the influence of the vapor phase would increase up to +
3%. In the present work, however, data obtained for ' and $ by an exact solution of the
equation of digperson for surface waves, see Eq. (3), have been combined with theoreticaly
caculated data for the dynamic viscosity of the vapor phase, see Refs. 25 and 26, and with
dengty data for both phases from the EOS of Goodwin [23], to get the information about the
surfacetension s and liquid kinematic viscosty nd.

The results for the desred quantities from surface light scattering are summarized in
Table | . The ligted data are average values of at least Sx independent measurements with
different angles of incidence Q.. Also listed in Table | are the quantity N obtained for the
viscosity directly from the experiment, and the vaues from literature used for data evauation
as described above. With the approach given in Refs. 25 and 26 the vapor viscosty data can
normally be predicted within + 10% for the temperature range studied in this work which does
not have any appreciable influence on the tota accuracy of better than 1% for the liquid

kinematic viscosity. This estimate for the uncertainty of our viscosity vauesis obtained from
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based both on the standard deviation S; of the measurement values and on the uncertainty of
the reference data needed for the determination of true liquid kinemétic viscosty from the
direct observable n . In detail, for the relative uncertainty of the vapor viscosity Dha/h,
liquid dendty Dr ¢r ¢, and vepor dendsty Dr @/r @ values of 10%, 1%, and 1%,
respectively, have been assumed. As it is true for many DLS gpplications [27], the standard
devidion of individud measurements may be considered as a reasonable measure for the
experimental uncertainty. In dl ingtances, the vaue for S. was below 1%, which is mainly
determined by the uncertainty of the angle meassurement. The reaive overdl maximum
uncertainty Dn®n¢ of our vaues for the liquid kinematic viscodity as esimated by Eq. (7) is
displayed in Fig. 6. Here, the individua contributions of Eq. (7) rdated to S., Dhd, Dr ¢,
and Dr ¢ are shown rdativeto the values of nd. Asit can be seen from Fig. 6, for the whole
temperature range studied in this work the uncertainties in the used reference data have
comparativey smal influence on the find results for liquid viscosties, so thet for this quantity
an overdl maximum uncertainty of better than 1% could be established. In a smilar way the
uncertainty for the surface tenson may be estimated. For the whole temperature range studied
the standard deviation S- of individual measurements was in most cases below + 0.5%, and
athough the accuracy of dengity datais of course far better than those of vapor viscosity data,

some uncertainty is aso introduced through the limited accuracy of the available dengty data
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Y et in combination, a value of better than 1% may be regarded as afair estimate for the total
uncertainty of the surface tenson.

For the whole temperature range studied in the present investigation, a modified
Andrade-type equation, which in its smple form is commonly chosen to represent the dynamic

viscosity at least over alimited temperature range, was used in the form

ne=ngexplngT * +ngT] ®

in order to represent our experimental kinematic viscosity data for toluene, where T is the
temperature in Kevin and the coefficients are given in Table Il. Here, dso the standard
deviation of our data relative to those caculated by Eq. (8) islisted. It should be noted that the
resduas of the experimentd data from the fit are smaler than the sandard deviation of the
individua measurements. The experimenta data for the surface tenson can be wel

represented by alinear equation of the form

s =s,+s,T, ©)

where the fit parameters s and s; are given in Table I1l. The present correlaion represents
the experimenta values of the surface tenson with a root mean square deviation of about

0.2%.
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6. COMPARISON WITH LITERATURE DATA

In Fg. 7 our vaues for the kinematic viscosity of toluene under saturation are shown in
comparison to available literature data from the last twenty years. Deviations between our
results from surface light scattering and the reference vaues are plotted using our correlation
Eq. (8) asabass. Datafor the viscosity included in Fig. 7 comprise measurements of Medani
and Hasan [28] performed by a rolling bal viscometer, a method where it is questionable if
low uncertainties can be achieved, and data by Dymond and Robertson [29] obtained with a
capillary viscometer with a stated uncertainty of + 0.5%. The measurements by Byers and
Williams [30], Gongalves et al. [31], and Kaiser et a. [32] were performed by Ubbelohde
capillary viscometers with claimed uncertainties of 0.3%, 0.3%, and around 1%, respectively.
These data sets and the compilation by Vargaftik [33] refer to atmospheric pressure, the
deviation from saturation vaues is negligible for the whole temperature range in this study,
where the maximum saturation pressure is 0.1 MPa Findly, besde the adready mentioned
correlation by Nieto de Castro and Santos [24], which describes the most recently reported
experimental data sets within its own stated accuracy, a correation by Krall et a. [34] has
been included, which is based on experimental values from an oscillating-disc viscometer with
astated experimenta accuracy of + 0.5 %. For the computation of these correations and the
conversion of the datain Refs. 28 and 33 from dynamic to kinemdatic viscosity dendty data
from the equation of state by Goodwin [23] have been employed. Figure 7 shows an excellent
agreement between our data from surface light scattering and those given by Gongalves et d.
[31] and by Dymond and Robertson [29]. Within the combined uncertainties this statement

aso holds for the data given by Dymond and Robertson [29] and for the correlation by Krall
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et a. [34]. Furthermore, particularly good agreement with an average deviation of 0.34% can
be found between the fit of our data and the compilation by Vargaftik [33]. For the viscosity
correlation given by Nieto de Castro and Santos [24] and the experimentd data by Kaiser et
a. [32] a low temperatures (T < 275 K) a podtive deviation from our values can be
recognized, which dightly exceeds the combined uncertainties. The fundamentd smilar
behavior of both data sets at low temperatures may reflect that the correlation of Nieto de
Castro and Santos [24] is only based on the experimental data of Kaiser et d. [32]. While for
temperatures above 275 K good agreement can be found between our values and the
correlation given by Nieto de Castro and Santos [24], for the data given by Kaiser et d. [32]
there a deviation from our data can be recognized which exceeds the combined uncertainties.
It should be noted, as our experimental vaues were limited to a maximum temperature of
383.15 K, the regresson Eq. (8) takes the character of an extrgpolation at higher
temperatures.

Vaues for the surface tenson of toluene from surface light scattering are plotted in Fg.
8 together with available reference data extending over the past century. For data comparison
only references are taken into account which include at least three surface tenson vaues a
different temperatures. All experimental data displayed in Fig. 8 by symbols are based on the
capillary rise method [35-41], with the exception of the data sets by Donaldson and Quayle
[42] and Buehler et d. [43], which are determined by the maximum bubble pressure method.
Furthermore, al experimenta data refer to amospheric pressure, with the exception of the
data by Morino [36], which were obtained at saturation conditions. While in Fg. 8 the

depicted correlation of Kords and Kovats [44] is based on their own experimenta vaues
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from the capillary rise method, the correlation given by Jasper [45] is based on the work of
Donadson and Quayle [42]. The surface tension correlation given by Bonnet and Pike [46] is
based on 58 experimental data points collected from literature. Findly, vaues from the data
collection of Vargaftik [33] and an estimation by Reid et d. [26] as aready mentioned above,
are induded in Fig. 8. Here, for the few data sets which explicitly give a statement for the
uncertainty a value between about 0.5% and 1% can be found. As it can be seen from the
deviation plot of Fig. 8, where the deviations between our results and the reference values are
plotted using our correlation Eq. (9) as a bass, the maximad differences between the different
data sets are partly larger than 8%. The experimentd data sets seem to form two bands, one
clearly above and one clearly below our vaues from surface light scattering. In contrast to this
behavior, for the whole temperature range investigated in the present study good agreement
between our vaues and the prediction of Reid et d. [26] can be found. Comparing our data
with the recommended values of Jasper [45] a decreasing deviation can be observed with
increasing temperature. For these values the differences at low temperatures are outsde the
combined uncertainty, while good agreement can be found for temperatures T > 330 K. The
same statement aso holds for the work of Korés and Kovéts [44]. Summarizing it seems thet
the surface tension of tolueneis not known more accurately than + 2%. It is not surprisng that
there are large discrepancies in the given values for surface tengon as the determination of this
property may be affected by two factors which may not be easlly controlled experimentaly.
Firgt, vaues for surface tenson are extremely susceptible to contamination. Second, if surface
tenson ismeasured for liquid-air systems asin most cases cited above the surface temperature

may be somewhat below the temperature in the bulk of the fluid. An influence of this error,
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however, can be excluded for the present investigation, which has been carried out under

Sturation conditions in thermodynamic equilibrium.

7. CONCLUSIONS

Our investigations on a horizontal liquid-vapor interface of toluene under saturation
conditions have shown that the surface light scattering technique can be utilized for an efficient
and rdliable determination of liquid kinematic viscosity and surface tension of transparent fluids.
With the help of reference data for the liquid and vapor density and theoreticaly caculated
data for the dynamic viscosity of the vapor phase - yet without any cdibration procedure - an
overdl uncertainty of + 1% could be achieved for both properties of interest. Measurements
have been performed over a temperature range from 263 K to 383 K. For the kinematic
viscosity the agreement with recently literature data can be regarded as fully satisfactory. For
the surface tenson of toluene a comparison of reference data covering the past century points
to large differences of up to 8%, where our data from surface light scattering seems to form
the center. With respect to recommended vaues for the surface tengon of toluene a maximum
deviation of about - 2.5% can be found for the lowest temperatures studied in this work. An
improvement of the Stuation for the surface tenson of toluene requires more accurate
measurements under well defined conditions.
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Tablel: Viscosty and surface tenson of toluene under saturation conditions.

T, K n,mnts*| hd, pPas | r ¢, kgm®| r ¢, kgm?| n¢, m.s*|s , mN-m*
263.15 0.9965 6.06 892.3 0.02 0.9897 31.02
273.15 0.8710 6.29 883.7 0.04 0.8639 30.06
283.15 0.7707 6.52 874.9 0.07 0.7633 28.92
293.15 0.6870 6.76 866.1 0.11 0.6793 27.94
303.15 0.6180 6.99 857.1 0.18 0.6100 26.79
313.15 0.5606 7.23 848.0 0.28 0.5523 25.61
323.15 0.5104 7.46 838.8 0.42 0.5018 24.50
333.15 0.4710 7.71 8290.5 0.62 0.4621 23.42
343.15 0.4343 7.96 820.0 0.89 0.4251 22.31
353.15 0.4052 8.21 810.3 1.24 0.3957 21.18
363.15 0.3766 8.47 800.5 1.70 0.3668 20.19
373.15 0.3543 8.74 790.4 2.27 0.3443 19.10
383.15 0.3332 9.01 780.2 2.99 0.3229 17.99
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Table!1: Coefficients of Eq. (8).

ng, mn.s! 0.013115
ng, K 1057.46
ng K* 0.0011597
rms, % 0.14

T-range, K 263-383
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Tablelll: Coefficients of Eqg. (9).

S, MN-m* 59.933
s, MN-m*K™ -0.10952
rms, % 0.21
T-range, K 263-383
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FIGURE CAPTIONS

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig.5

Fig. 6

Scattering geometry.

Experimenta setup: optical and dectronic arrangement.

Fit to anormalized experimenta correlation function and resduals.

Frequency w and damping G of surface waves on a horizontd gas-liquid interface of
toluene under saturation conditions in depending on the wave vector g a a
temperature of 303.15 K and 373.15 K: () experimenta vaues from surface light
scattering; (——) theoreticdly caculated vaues by a numerica solution of the
disperson equation Eq. (3); & —) theoreticdly caculated vaues by a first order

approximation Eq. (2).

Deviation between the direct accessible quantity N for the viscosity from surface light

scattering and the kinematic viscosity n ¢ of liquid toluene under saturation conditions.

Estimated overdl maximum uncertainty for the liquid kinemétic viscosity and individua

contributions to that vaue.
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Fig. 7 Kinematic viscogty of liquid toluene under saturation conditions from surface light

scattering in comparison to literature.

Fig. 8 Surface tendon of toluene under saturation conditions from surface light scattering in

comparison to literature.
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